Asymmetric division is an evolutionarily conserved mechanism by which a single cell gives rise to two daughter cells with distinct fates 1 . The asymmetric partitioning of fate-determining proteins has been shown to contribute to the generation of CD8 + effector and memory T cell precursors with differing CD8 expression (CD8 hi and CD8 lo ) 2, 3 . Previous work has shown that CD8 hi T cells are derived from the daughter cell proximal to the antigen-presenting cell (APC) and ultimately differentiate into CD8 + effector T cells; in contrast, CD8 lo T cells are derived from the daughter cell distal to the APC and give rise to CD8 + memory T cells [2] [3] [4] [5] . Subsequent studies demonstrated asymmetry in critical transcription factors such as T-bet and TCF-1 in mediating the phenotypic differences between daughter cells 3, 6 .
Asymmetric division is an evolutionarily conserved mechanism by which a single cell gives rise to two daughter cells with distinct fates 1 . The asymmetric partitioning of fate-determining proteins has been shown to contribute to the generation of CD8 + effector and memory T cell precursors with differing CD8 expression (CD8 hi and CD8 lo ) 2, 3 . Previous work has shown that CD8 hi T cells are derived from the daughter cell proximal to the antigen-presenting cell (APC) and ultimately differentiate into CD8 + effector T cells; in contrast, CD8 lo T cells are derived from the daughter cell distal to the APC and give rise to CD8 + memory T cells [2] [3] [4] [5] . Subsequent studies demonstrated asymmetry in critical transcription factors such as T-bet and TCF-1 in mediating the phenotypic differences between daughter cells 3, 6 .
The signaling pathway of the metabolic checkpoint kinase mTOR has a critical role in regulating CD4 + T cell activation and differentiation [7] [8] [9] [10] [11] [12] as well as CD8 + effector and memory T cell generation [13] [14] [15] [16] [17] . In part, the ability of mTOR to coordinate T cell differentiation and activation has been attributed to its ability to promote metabolic reprogramming [18] [19] [20] . Robust mTORC1 activity promotes glycolytic activity and increased expression of effector molecules in CD8 + T effector cells 16 . Indeed, CD8 + T cells from mice with conditional deletion of Tsc2 specifically in T cells (T-Tsc2 −/− ), which have hyperactive mTORC1 activity, demonstrate enhanced cytotoxic T lymphocyte activity but do not develop into persistent memory T cells. In contrast, antigen stimulation in the presence of the mTORC1 inhibitor rapamycin leads to enhanced generation of memory T cells, and CD8 + T cells with diminished mTORC1 activity derive energy by means of fatty acid oxidation rather than glycolysis [13] [14] [15] [16] .
Here we tested the hypothesis that mTORC1 activity is asymmetrically inherited after the first cell division of naive CD8 + T cells. We demonstrate the asymmetric partitioning of mTORC1 activity after activation of CD8 + T cells, which results in the generation of two daughter T cells. The first shows relatively increased mTORC1 activity, glycolytic activity and expression of effector molecules. The second shows relatively low mTORC1 activity, possesses increased spare respiratory capacity (SRC) and lipid metabolism, expresses anti-apoptotic molecules and subsequently displays enhanced long-term survival. Mechanistically, we demonstrate a link between TCR-induced asymmetric expression of amino acid transporters and RagC-mediated translocation of mTOR to the lysosomes. Overall, our data provide important insight into how mTORC1-mediated metabolic reprogramming affects the fate decisions of CD8 + T cells.
RESULTS

Divided CD8 + T cells possess asymmetric mTORC1 kinase activity
To determine whether mTORC1 activity is asymmetrically inherited during cellular division, we labeled cells from mice with transgenic expression of major histocompatibility complex (MHC) class Irestricted (ovalbumin-specific) TCR (OT-I) with Cell Proliferation Dye eFluor 450 (eFluor 450) and transferred the cells intravenously (i.v.) into C57BL/6 mouse hosts (referred to here as wild-type mice). The next day we infected the host mice i.v. with Listeria monocytogenes expressing ovalbumin (LM-OVA), and 48 h later we collected splenocytes from those mice. Consistent with previous studies [2] [3] [4] 21 , when examining CD8 + T cells from the first division (second-brightest eFlour 450-labeled population), we observed two distinct populations with respect to CD8 surface expression: cells with high CD8 expression (CD8 hi ) and cells with low CD8 expression (CD8 lo ) (Fig. 1a) . Similarly, when comparing these two populations, we observed higher expression of CD25 and T-bet in the CD8 hi T cells, whereas the CD8 lo T cells showed higher expression of CD62L (Fig. 1a) . Assessment of mTORC1 activity by flow cytometry based on phosphorylation of the downstream target ribosomal S6 (p-S6) showed that the CD8 hi T cells had enhanced expression of p-S6 compared to the CD8 lo T cells, suggesting increased mTORC1 activity in the CD8 hi T cells (Fig. 1a) .
To determine whether differential inheritance of CD8 expression and mTORC1 activity is a consequence of cellular division or occurs before division, we compared expression in CD8 + T cells from the first division with that in their undivided counterparts (the brightest eFluor 450 population). Undivided T cells expressed lower amounts of CD8 than cells from the first division did (Supplementary Fig. 1a) , which indicates that heterogeneous expression of CD8 is induced after cellular division. Likewise, after the first division, but not in the undivided population, we observed distinct populations of T cells that were heterogeneous for p-S6, CD98 and T-bet expression ( Supplementary Fig. 1b) , suggesting two distinct populations of T cells emerging only after the first division, and independent of CD8 expression in the undivided T cell population. Unlike T-bet, eomesodermin (Eomes), a transcription factor essential for CD8 + effector and memory T cells 22 , was not asymmetrically distributed during the first division ( Supplementary Fig. 1c) , and both CD8 hi and CD8 lo T cell populations from the first division had higher expression of CD44 than naive CD8 + T cells did (Supplementary Fig. 1c) , which indicates that both populations were equally activated and that not all proteins were asymmetrically inherited.
Next we sought to determine whether the in vivo findings could be validated with an in vitro system using carboxyfluorescein succinimidyl (Fig. 1a) , CD8 hi T cells showed higher amounts of p-S6 than CD8 lo T cells did (Fig. 1b) . Similarly, phosphorylation of 4E-BP1, another downstream substrate of mTORC1, was also high in CD8 hi T cells compared to CD8 lo T cells (Fig. 1b) . Although CD8 hi and CD8 lo T cells showed similar expression of TSC2, a negative regulator of mTORC1 activity, expression of phosphorylated TSC2 was higher in CD8 hi T cells than in CD8 lo T cells (Fig. 1b) , indicating decreased inhibition of mTORC1 activity in CD8 hi T cells. To further confirm these results, we sorted in vitro-generated CD8 hi and CD8 lo T cells to assess mTOR activity by immunoblotting. CD8 hi T cells had increased amounts of p-S6 but showed no significant difference in phosphorylation of AKT, a downstream target of mTORC2, compared to CD8 lo T cells (Fig. 1c) . Compared to CD8 lo T cells, CD8 hi T cells also showed higher phosphorylation of 4E-BP1, but they expressed equivalent amounts of phosphorylated ERK ( Supplementary Fig. 1d ), suggesting that differences in signaling are selective for the mTORC1 pathway. Both CD8 hi and CD8 lo daughter T cells showed increased expression of the activationinduced markers CD69 and CD44 ( Supplementary Fig. 1e ), suggesting that the differences in mTORC1 signaling were not due to a lack of TCR activation.
We next assessed the partitioning of proteins in dividing T cells by confocal microscopy using an in vitro system with plate-bound anti-CD3, anti-CD28 and ICAM-1, which has previously been shown to be necessary for asymmetric division of CD8 + T cells 2, 3 . The two types of daughter CD8 + T cells showed roughly equivalent amounts of S6 protein (Fig. 1d) . However, the ratio of mean fluorescence intensity between p-S6 and total S6 was higher in CD8 hi T cells than in CD8 lo T cells (Fig. 1d) , indicating increased mTORC1 activity in CD8 hi T cells. To confirm that these results were not skewed by a minor subpopulation with greatly asymmetrical mTORC1 activity, we quantified the frequency of dividing CD8 + T cells that asymmetrically partitioned p-S6 at first division as 60% (Online Methods) (Fig. 1e) , which is similar to the frequency of T cells reported to undergo asymmetric distribution of T-bet 3 (66%). As a control, we observed no asymmetric partitioning of β-tubulin and CD90.2 between dividing CD8 + daughter T cells (Fig. 1e) .
As previous studies have indicated that the interaction of LFA-1 on T cells with ICAM-1 on APCs (or plate-bound stimulation) is required for the asymmetric division of CD8 + T cells 2, 3, 5, 23 , we tested whether the asymmetric partitioning of mTORC1 activity was a consequence of polarity. Confocal imaging of a dividing T cell pair in contact with an APC indicated increased p-S6 in the proximal daughter T cell compared to the distal daughter T cell (Supplementary Fig. 1f ). To test whether nonpolarized T cell division, such as during homeostatic T cell proliferation in the absence of antigen stimulation, would result in non-asymmetric inheritance of mTORC1 activity in daughter T cells, we adoptively transferred labeled T cells from OT-I mice i.v. into Rag2 −/− mice. Seventy-two hours later, we observed a relatively uniform distribution of CD8 expression on transferred T cells that had undergone the first division, as opposed to the bimodal peaks of CD8 expression observed during antigen-induced (polarized) activation (Fig. 1f) . Furthermore, none of the transferred CD8 + T cells recovered from the Rag2 −/− recipients demonstrated differential expression of p-S6, CD25, CD62L, T-bet, Myc or CD98 within the first division, in contrast to T cells undergoing antigen-induced division during an LM-OVA infection ( Fig. 1f and data not shown). Thus, asymmetric partitioning of mTORC1 activity in CD8 + T cells is a generalized property not of cell division but of APC-antigen-driven (polarized) activation.
To determine whether asymmetric cell division is dependent on mTORC1 activity, we compared in vitro-activated wild-type A r t i c l e s CD8 + T cells; CD8 + T cells from T-Rheb −/− mice, which have markedly decreased mTORC1 activity; and CD8 + T cells from T-Tsc2 −/− mice, which have hyperactive mTORC1 activity. Using confocal microscopy, we identified dividing daughter cells on the basis of tubulin bridges. Similar to observations for wild-type CD8 + T cells, CD8 hi and CD8 lo daughter pairs were found in dividing CD8 + T cells from T-Rheb −/− and T-Tsc2 −/− mice (Fig. 1g) , indicating that asymmetric division of CD8 expression is not controlled by mTORC1 activity. Furthermore, we observed no asymmetric partitioning of p-S6 in dividing CD8 + T cells from T-Rheb −/− and T-Tsc2 −/− mice compared to wild-type CD8 + T cells, which shows that differential mTORC1 activity in dividing T cells is required for asymmetric partitioning of mTORC1 activity to occur. Overall, the results described so far indicate that mTORC1 activity is divided asymmetrically in CD8 hi and CD8 lo daughter T cells during the first antigen-driven cell division.
Asymmetric mTORC1 activity promotes distinct metabolic programs mTORC1 has an important role in regulating the metabolic reprogramming of T cells, which in turn regulates T cell fate and function 19 .
To test whether the asymmetric partitioning of mTORC1 activity would lead to the generation of two daughter CD8 + T cells with distinct metabolic profiles, we compared the metabolic phenotypes of sorted CD8 hi and CD8 lo T cells generated under in vitro activation. CD8 hi T cells showed higher basal and maximal extracellular acidification rates than CD8 lo cells did (Fig. 2a) , indicating increased glycolysis and consistent with the current view that CD8 + effector T cells are highly glycolytic 18 . We also observed that the CD8 lo T cells had a higher SRC (Fig. 2b) , a metabolic feature of long-lived cells 18, 24, 25 , than CD8 hi T cells did. Myc has an important role in the metabolic reprogramming of both CD4 + and CD8 + T cells after TCR activation, especially in controlling the expression of multiple glycolytic enzymes 26 , and Myc expression is enhanced by mTORC1 activation 27, 28 . To test whether Myc is preferentially upregulated in CD8 hi T cells compared to CD8 lo T cells, we adoptively transferred (i.v.) labeled T cells from OT-I mice into wildtype hosts that we then infected with LM-OVA (i.v.). Flow cytometric assessment of CD8 hi and CD8 lo T cells from the first division showed that Myc protein was asymmetrically enriched in the CD8 hi T cells compared to the CD8 lo T cells (Fig. 2c) . Similarly, after in vitro stimulation, we detected asymmetric partitioning of Myc by immunoblotting of sorted CD8 hi and CD8 lo T cells (Fig. 2d) and by confocal microscopy of CD8 hi and CD8 lo T cell dividing daughter pairs (Fig. 2e) . In addition to Myc, CD8 hi T cells also showed higher expression of hexokinase 2 and GLUT-1, which are key proteins involved in the glycolytic pathway, compared to CD8 lo T cells (Fig. 2d) . Overall, our data demonstrate that after CD8 + T cell division, the asymmetric partitioning of mTORC1 activity is associated with the generation of CD8 hi mTOR hi Myc hi T cells that are highly glycolytic.
CD8 lo daughter T cells generated by asymmetric division contribute to the generation of CD8 + memory T cells 2, 4 , which have distinct metabolic and mitochondrial profiles compared to CD8 + effector T cells 14, 24, 25 . To further assess the metabolic reprogramming of CD8 lo T cells, we examined the relative mitochondrial contents of these cells compared to that of the highly glycolytic CD8 hi T cells from sorted in vitro-generated T cells. CD8 lo T cells had a higher mitochondrialto-genomic DNA ratio compared to CD8 hi T cells (Fig. 2f) . In addition, by confocal microscopy, we observed increased mitochondrial mass in sorted CD8 lo T cells compared to CD8 hi T cells (Fig. 2g) . Furthermore, immunoblot analysis of sorted in vitro-generated CD8 lo T cells also showed increased expression of the mitochondrial protein VDAC, as well as proteins associated with oxidative phosphorylation (NDUFB8 and SDHA) and prosurvival proteins (BCL-2 and BCL-xL), compared to that in CD8 hi T cells (Fig. 2h) . In addition, CPT-1α, an enzyme that is critical in fatty acid oxidation and is enriched in CD8 + memory T cells 14, 24, 25 , was present in increased amounts in CD8 lo T cells compared to CD8 hi T cells (Fig. 2h) . Thus, although CD8 lo T cells have decreased glycolysis, their increase in lipid metabolism and SRC is associated with increases in mitochondrial mass and function that are critical in memory T cell formation 14, 24, 25 . ; n = 7, 4 or 7 (a; CD8 hi , CD8 lo or PMA + Iono, respectively) or n = 5, 5 or 4 (b; CD8 hi , CD8 lo or PMA + Iono, respectively). *P < 0.05, **P < 0.005; NS, not significant (one-way ANOVA). Data are from one experiment representative of at least four independent experiments; horizontal bars in statistical graphs indicate means.
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A r t i c l e s
CD8 lo daughter T cells become long-lived memory T cells
Next we investigated whether asymmetric partitioning of mTORC1 activity correlates with distinct immune function. Consistent with previous findings 2, 4 , sorted in vitro-activated CD8 hi T cells expressed increased amounts of Ifng and Prf1 mRNA as assessed by qRT-PCR (Supplementary Fig. 1g ). ELISA showed that sorted CD8 hi T cells produced more interferon-γ than CD8 lo T cells did (Supplementary Fig. 1h) . Next, to evaluate the effect of asymmetric mTORC1 activation on CD8 + T cell survival, we adoptively transferred congenically marked, sorted in vitro-activated CD8 hi or CD8 lo T cells i.v. into wild-type hosts that were then infected with vaccinia-OVA either the same day or 21 d after cell transfer. Assessment of splenocytes 6 d after the adoptive transfer showed similar numbers of antigen-specific CD8 + T cells in both CD8 hi and CD8 lo T cell recipients (Fig. 3a) . However, CD8 hi T cells were barely detectable after rechallenge in vivo at 21 d after adoptive transfer (Fig. 3b) , indicating that transferred CD8 hi T cells did not differentiate into proper memory T cells. In contrast, CD8 lo T cells were able to persist and respond to secondary challenge (Fig. 3b) . In addition, nonspecific stimulation of naive CD8 + T cells with the phorbol ester PMA and ionomycin, which induce nonpolarized cell division, resulted in symmetrical high mTORC1 activity in CD8 hi and CD8 lo T cells (Supplementary Fig. 2 ) and decreased memory formation in vivo in response to secondary challenge (Fig. 3b) . These observations suggest that CD8 hi T cells possess robust effector function but fail to survive and thus are not detected upon rechallenge, whereas CD8 lo T cells initially possess reduced effector capacity but survive and proliferate after rechallenge.
T cell activation leads to translocation of mTOR to the lysosome We sought to define the cellular mechanism that accounts for the asymmetric partitioning of mTORC1 activity after the first division in CD8 + T cells. Amino acid sufficiency has been shown to promote localization of mTORC1 to lysosomal surfaces, where it can become activated 29, 30 . This occurs through activation of the Rag GTPases, which, upon amino acid sensing, disassociate from the lysosomal surface to capture mTOR in the cytoplasm and then shuttle back to the lysosomes 29, 31 . TCR-mediated activation in CD8 + T cells is known to increase amino acid uptake 32 ; thus we tested whether TCR activation regulates the ability of the Rag GTPases to promote the translocation of mTOR to the lysosomes. We stimulated naive CD8 + T cells from OT-I mice with OVA-I peptide in vitro for 0, 4 or 24 h and assessed the colocalization of RagC (a Rag GTPase) and the lysosome marker LAMP-2 by confocal microscopy. After 4 h of T cell activation, there was an initial decrease in the association of RagC and LAMP-2 compared to that in unstimulated T cells (Fig. 4a) , indicating that TCR stimulation leads to the translocation of RagC from the lysosomes to the cytoplasm. By 24 h after activation, RagC had partially relocalized to the lysosomes (Fig. 4a) .
Next we used confocal microscopy to study the movement of mTOR to the lysosomes. Assessment of colocalization of mTOR and LAMP-2 in unstimulated naive CD8 + T cells indicated minimal mTOR localization to the lysosomes; however, as early as 4 h after antigen stimulation, mTOR colocalized with the lysosomes, and this association increased at 24 h (Fig. 4b) . We observed an increase of mTOR translocation to the lysosomes in CD8 + T cells from T-Rheb −/− and T-Tsc2 −/− mice that was similar to that in CD8 + T cells from wild-type mice (Fig. 4c) , indicating that translocation of mTOR to the lysosomes is independent of mTORC1 activity. Our data thus far established that TCR activation of CD8 + T cells initiates the translocation of mTOR to the lysosomes.
To determine whether mTOR localization to the lysosomes occurs in asymmetrically dividing CD8 + T cells, we used confocal microscopy to examine in vitro-activated T cells undergoing division. We observed increased colocalization of mTOR and LAMP-2 in CD8 hi T cells compared to that in CD8 lo T cells (Fig. 4d) . These observations suggest that asymmetric inheritance of mTORC1 activity occurs as a result of the preferential translocation of mTOR to the lysosomes in CD8 hi T cells compared to CD8 lo T cells. A r t i c l e s CD98 expression leads to asymmetric mTOR localization We next investigated the mechanism accounting for the increased translocation of mTOR to the lysosomes in CD8 hi T cells. RagCmediated translocation of mTOR to the lysosomes is induced by amino acid influx (particularly of the branched-chain amino acid leucine) 29 . To test whether differential mTORC1 activity among daughter T cells might be the result of the asymmetric partitioning of amino acid transporters after cell division and differential leucine influx, we assessed the expression of the amino acid transporter SLC7A5, which controls leucine influx and subsequent mTORC1 activation, and thus has an essential role in the generation of CD8 + effector T cells 32 . We observed increased expression of Slc7a5 mRNA in sorted in vitro-generated CD8 hi T cells compared to CD8 lo T cells by qRT-PCR (Fig. 5a) .
To explore whether the leucine amino acid transporter was preferentially upregulated in CD8 hi T cells compared to CD8 lo T cells, we adoptively transferred labeled T cells from OT-I mice i.v. into wild-type hosts and then infected the hosts i.v. with LM-OVA 24 h later. As reliable detection of SLC7A5 protein is currently not possible, we instead assessed the expression of CD98, a glycoprotein that forms a heterodimer with SLC7A5 (ref. 33) . Flow cytometric assessment of CD8 hi and CD8 lo T cells showed that CD98 expression was asymmetrically enriched in CD8 hi T cells compared to CD8 lo T cells (Fig. 5b) .
Additionally, after in vitro activation, we observed higher CD98 expression on dividing CD8 hi T cells than on CD8 lo T cells by confocal microscopy (Fig. 5c) . This implies that CD98 is asymmetrically partitioned between dividing daughter CD8 + T cells.
Consistent with published findings 34 , coculture of CD8 + T cells from OT-I mice with peptide-loaded bone-marrow-derived APCs induced CD98 localization at the immunological synapse, as indicated by colocalization with talin (Supplementary Fig. 3 ). Because CD98 interacts with ICAM-1 to facilitate leucine uptake 34 , we tested whether CD98, along with SLC7A5, was preferentially enriched in CD8 hi T cells compared to CD8 lo T cells. We observed that in dividing T cell pairs, the daughter T cells with higher CD98 expression had greater colocalization of mTOR to the lysosomes than the daughter T cells with lower CD98 expression (Fig. 5d) . Of note, CD8 + T cells from T-Rheb −/− mice showed asymmetric inheritance of CD98 (Supplementary Fig. 4) , indicating that mTORC1 does not control the asymmetric distribution of CD98 during division (although these cells showed lower expression of CD98 than wild-type CD8 + T cells did).
Next we tested the functional consequences of SLC7A5 inhibition on TCR-induced mTOR translocation. In vitro activation of naive CD8 + T cells in the presence of the amino-acid-transport inhibitor 2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid (BCH) led to similar amounts of p-S6 in CD8 + T cells compared to unstimulated 
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A r t i c l e s T cells, in contrast to the comparatively higher amounts seen in the untreated T cells (Fig. 5e) . However, we observed no difference in CD98 expression in activated CD8 + T cells between the untreated and BCH-treated conditions (Fig. 5e) . Likewise, inhibition of SLC7A5 activity by BCH during CD8 + T cell activation led to decreased translocation of mTOR to the lysosome compared to the untreated condition (Fig. 5f) . In contrast, rapamycin treatment, which inhibits mTORC1 activity independently of amino acid influx, had no effect on mTOR translocation to the lysosome in TCR-activated CD8 + T cells (Fig. 5f) , indicating that amino acids have an essential role in initiating mTORC1 activity by translocation of mTOR to the lysosomes. Finally, we used confocal microscopy to assess the consequences of treatment with BCH or rapamycin on the asymmetric translocation of mTOR to the lysosome in dividing CD8 + T cell pairs. Whereas untreated dividing CD8 + T cells showed punctate and asymmetric localization of mTOR to the lysosome (Fig. 5g) , BCH-treated cells showed a disperse distribution of mTOR throughout the cytoplasm in both daughter cells, indicating abrogated mTOR translocation to the lysosome (Fig. 5g) . The mTOR distribution in rapaymcin-treated daughter T cells was similar to that in untreated T cells (Fig. 5g) . Overall, these data suggest that the asymmetric partitioning of CD98 regulated the leucine-mediated translocation of mTOR to the lysosomes preferentially in the CD8 hi CD98 hi daughter T cells compared to the CD8 lo CD98 lo T cells (Supplementary Fig. 5 ).
DISCUSSION mTOR has been shown to regulate the differentiation of CD4 + and CD8 + T cells [7] [8] [9] [10] [11] [12] [13] [15] [16] [17] 20 . After T cell activation, mTORC1 activity can distinguish CD4 + T cells with distinct fates 12 . Here we show that asymmetric partitioning of mTORC1 activity after initial division of a CD8 + T cell leads to the generation of two daughter cells with distinct metabolic programming. The daughter T cell proximal to the APC (CD8 hi ) inherits increased mTORC1 activity and is highly glycolytic, two properties that are required for robust effector cell function 16, 17, 35, 36 . In contrast, the daughter cell distal to the APC (CD8 lo ) inherits decreased mTORC1 activity and is less glycolytic but possesses increased amounts of mitochondria and SRC, as well as increased expression of anti-apoptotic molecules, and thus has metabolic programming similar to that of long-lived memory cells 24, 25 .
Previous findings have identified two distinct daughter T cells on the basis of CD8 expression 2 . Considering our observations linking mTORC1 activity and the amino acid transporter CD98 to asymmetric division, we propose that the asymmetric partitioning of mTORC1 activity or CD98 represents a better, more functional marker of asymmetric division of CD8 + T cells. We also noticed the ability of mTORC1 to enhance Myc expression in CD8 hi daughter T cells, thereby promoting metabolic reprogramming downstream of mTORC1. Our observations that the generation of effector and memory T cells is intimately linked to metabolic reprogramming during early CD8 + T cell division underscore the integral role of metabolism in defining immune cell function 19 . Consistent with such a model, a recent report linked PI3K signaling and nutrient sensing to T and B cell fate decisions 6 .
Mechanistically, our study links asymmetric mTORC1 activation to differential RagC-mediated translocation of mTOR to the lysosomes between dividing daughter CD8 + T cells. Here we document that TCR-induced mTORC1 activation and mTOR lysosomal translocation are dependent on amino acid influx. We observed that the asymmetric partitioning of mTORC1 activity was facilitated by the asymmetric partitioning of TCR-induced amino acid transporters, which is consistent with the critical role of SLC7A5 in promoting T cell effector functions 32 .
Although our observations are consistent with previous reports demonstrating the generation of effector and memory T cells as a result of asymmetric division of CD8 + T cells 2, 3, 21, 23 , our work does not preclude a model wherein memory T cells are derived from the effector pool [37] [38] [39] . Ultimately, we believe it is the level of mTORC1 activity in a CD8 + T cell and the subsequent downstream metabolic programming that influence that cell's fate, which potentially allows our findings to be integrated into all proposed models. For instance, according to our current study, division of a wild-type CD8 + T cell pair in which the two cells have different levels of mTORC1 activity will result in distinct T cell fates. Supporting this, our previous work proves that T cells with equal levels of high (T-Tsc2 −/− ) and low (T-Rheb −/− ) mTORC1 activity will develop toward one fate at the expense of the other 16 . Asymmetric partitioning of proteins and signaling molecules is thought to have a role in driving divergent cellular functions during differentiation. Thus, examining the partitioning of mTORC1 activity in other cell types, tissues or organisms might help researchers elucidate the mechanisms of cellular differentiation.
METHODS
Methods and any associated references are available in the online version of the paper. 
